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Available online 16 October 2018Particle size variation plays a key role in jigging performance, and despite extensive research in the area, very lit-
tle attention has been given in the case of pneumatic jigging. The aim of this studywas to look into particle strat-
ification in a pilot-scale pneumatic jigwhen varying the particle size and the range of the particle size distribution
in ternary mixtures of aggregates. Jigging tests were especially designed to reduce contamination of jig products
and a stratification indexwas elaborated to evaluate stratification efficiency. Experimental results provided com-
pelling evidences thatwidening the particle size distribution of the system or using beds composed of particles of
smaller sizes can enhance stratification by density. Similarly, smaller particles showed a remarkable tendency to
concentrate in the upper zones of the stratified bed, whereas larger particles tended to concentratemore in lower
zones. The obtained results suggest that particular operating features of pneumatic jigging together with differ-
ential packing effects should play a decisive role in the stratification extent of beds formedbyparticles of different
sizes. Experimental results are of practical importance since, among other benefits, they point to the possibility to
increase pneumatic jigging performance in some cases by usingwider size distributions of the feed, thus reducing
the need of prior stages of narrow size classification.





Pneumatic jigging has attracted significant interest over recent years,
especially due to the inherent advantage of not using process water.
Though it is strongly associated with coal beneficiation [1–3], in recent
years, pneumatic jigging has been extensively studied in urban mining
applications, such as recycling of construction and demolition wastes
[4–6], recovery of metals from electronic wastes [7] and separation of
copper wires from rubber insulators [8]. However, its separation perfor-
mance remains significantly lower than that of conventional hydraulic
jigs, which eventually impose severe limits on its application [9]. None-
theless, the great majority of studies focused on conventional hydraulic
jigs and little attention has been paid to the effect of bed properties (par-
ticle density, size and shape) on stratification under dry conditions.1.1. Overview of jigging process
Jigginghas been known for centuries as an ore concentration process
[10]. Hydraulic jigs of different types are widely used in severalrós), sampaio@ufrgs.br
paulo.conceicao@ufrgs.br
).applications, covering every density range from less than 1.3 g/cm3 for
some coals [11] up to 19 g/cm3 for gold [12], whereas pneumatic jigs
is still more limited to coal and solid waste processing [1,3]. The jigging
process consists in the repeated expansion and contraction of a
non-homogeneous particle bed, producing stratification based upon
specific gravity [9,13,14]. An illustration of the jigging action is shown
in Fig. 1. During the pulsation stroke, the bed initially at rest on a rigid
screen is lifted as a whole when the fluid flow exceeds the final falling
velocity of the bed forming a porous rigid mass. As the fluid velocity is
lowered and the upwardmotion of the bed slows towards itsmaximum
displacement, a loosening layer starts as particles began to settle out
from the bottom upwards. This loosening wave moves upwards
through the bed until it reaches its maximum void fraction, so that
particles fall under conditions analogous to hindered settling [14]. The
heavier, larger particles tend to reach the jigging screen first than the
lighter, smaller particles due to their higher specific gravities [15]. If
the fluid medium is water, then the downward motion of particles is
also influenced by the descending motion of the fluid (suction stroke).
Otherwise, if the medium is air, so the suction stroke is virtually absent.
The cumulative effect of several jigging cycles gives rise to a stratified
bed where heavier, larger particles tends to concentrate in the lower
layers whereas the lighter, finer particles tends to accumulate in the
upper layers. Since density (not size) is a characteristic property of
Fig. 1.Movement of the jigging bed subjected to vertical harmonic pulsation of themedium. The change of position of a heavy particle in the bed is represented by the black particle. Based
on the description found in Kirchberg & Hentzschel [14] and Sampaio & Tavares [9].
595W.M. Ambrós et al. / Powder Technology 342 (2019) 594–606different materials, jigging process is always targeted to maximize
separation by density, instead of separation by size.
Provided that there is vertical motion of the bed, the mentioned
mechanism is expected to occur independent of pulsation amplitude
and frequency [14]. However, depending on these and on bed thickness,
the loosening wave may or may not propagate through the whole bed.
Also, the resulting stratification profile will depend on the properties of
the bed and the existing differences in particle density, size and shape.
Two main theories are pointed out in the description of particle
stratification in jigs. One of them considers that jigging process can be
described from the balance of forces acting in each individual particle
of the system. Firstly introduced by Gaudin [16], this approach is cur-
rently used to develop coupled models based on the discrete element
method (DEM) and computational fluid dynamics (CFD) [17,18]. The
othermodel considers themixed state of the jigging bed as a thermody-
namic systemwhich strives to achieve the state of lowest energy when
pulsed, being that energy reduction the driving force behind the strati-
fication [19]. More specifically, it assumes that the energy supplied by
the fluid releases the potential energy stored in the particle bed,
which is partially converted into lifting work done by the heavier parti-
cles to displace upward the lighter particles (other part iswasted as heat
or friction). An extension of the potential energy theory was developed
by Tavares and King [20] to include dispersion forces which prevent the
bed to achieve the ideal stratification. Both models provide a plausible
description (if not quantitatively, at least qualitatively) of the majority
of phenomena involved in the stratification process (e.g., the occurrence
of percolation trickling, the expected influence of particle shape, etc).However, some peculiar phenomena reported in recent studies, such
as the occurrence of horizontal stratification patterns after jigging [21],
suggests that the mechanisms involved in particle stratification in jigs
still remains not fully understood.
1.2. Pneumatic jigging
Jigs can be categorized into several types depending on their design
and operational features. The pulsatingmechanism,method of products
discharge, condition of the jig screen and the medium fluid are typical
criteria used to distinguish among the different types of jigs. A brief dis-
cussion on the influence of medium fluid is presented here, but a more
detailed review of the several jig types as well as their applications can
be found in Sampaio & Tavares [9], Lyman [10] and Wills & Finch [13].
Besides water, jigs can operate with air as the medium. These are
known as pneumatic jigs, air jigs or dry jigs (for the sake of clarity, we
have chosen the designation pneumatic jigs in order to distinguish it
from air-pulsed hydraulic-type jigs). Their main advantage in compari-
son to conventional hydraulic jigs is the elimination of water treatment
and disposal circuits, and is particularly useful in locations where water
is expensive or scarce [1]. In pneumatic jigs, the jig bed is pulsed by an
upward air flow produced by a fan. Despite this different pulsating
mechanism, the bed motion and the mechanisms of stratification in
pneumatic jigs are expected to follow the same basic principles de-
scribed for hydraulic jigs [9]. However, in contrast to water, the density
of air is negligible in comparison to the particles of the bed. In order to
compare the effect of varying the medium density on the stratification
596 W.M. Ambrós et al. / Powder Technology 342 (2019) 594–606process, it is convenient to turn to the concentration criterion [22], an
index largely used to estimate the ease at which materials can be sepa-
rated by density, given by:
CC ¼ ρH−ρ f
ρL−ρ f
ð1Þ
where ρf is the density of the fluid, in g/cm3; ρH is the density of the
heavy material, in g/cm3; and ρL is the density of the light material, in
g/cm3.
Larger values of CC indicate an easy separation by gravity methods
and vice versa. Also, the larger the value of CC, the wider the particle
size range in which separation by density can be efficiently carried
out. Eq. (1) still indicates that the value of CC increases as the density
of the fluid gets closer to the density of the light constituent. Conse-
quently, separation by density is easier accomplished in wet jigging
than in air jigging. Part of the complication is that the low density of
air needs to be compensated with the use of high upward velocities,
which, together with the difficulty to maintain a uniform distribution
of the air over thewhole cross-section of the bed, can produce excessive
turbulence and thereby increase remixing effects. In addition, the use of
air as medium make more difficult to separate very fine particles since
the relatively small drag force acting on themneed to competewith fric-
tional and surface forces, which play a greater role in fine particles [23].
The practical consequence is that pneumatic jigs are used to separate
only relatively coarse material, normally not smaller than 2 mm [5],
and usually operate with close-sized feed. By contrast, conventional
water jigs operates with a lower size limit of 0.5 mm, reaching up to
0.1 mm in the case of some metallic ores [9].
1.3. Influence of particle size on bed stratification
The role of particle size on density separation has been extensively
investigated for the case of hydraulic jigs. A summary of these experi-
mental studies are shown in Table 1. In spite of differences in experi-
mental conditions, a definite trend has been reported in most cases:
separation efficiency increased with increasing particle size of the jig
bed. Also, size segregation can harm separation by densitywhen jigging
materials containing a wide range of particle sizes, which can be
avoided by reducing the size range of the feed.
Segregation by size, which involves geometric interactions among
different species/individual particles, can display complex patterns
due to its non-monotonic behavior, since the segregation order can be
varied and even reversed due to changes of size ratios between small
and large particles [24]. In a recent study, Woollacott and SilwambaTable 1
Summary of the selected literature with their main observations on the effect of particle size o
Reference Jigging device System
Olajide and Cho [31] Laboratory-scale
Baum jig
Coal samples in the size ranges of 19.1–
12.7–6.4 mm and 6.4–3 mm.
Rong and Lyman [32] Pilot-scale Baum
jig
Density tracers (1.3 to 2 g/cm3) in the s
of 35–16 mm, 16–8 mm and 8–3 mm. T
of jigging time was also evaluated.
Mukherjee et al. [33] Two-chamber Jig
(plunger type)
Iron ore in the size ranges of 10–8 mm,
6–3 mm. Effect of size distribution was
evaluated.
Kowol and Matusiak [34] KOMAG Jig Gravel containing carbonate in the size
16–8 mm, 8–4 mm, 4–2 mm and 2–0.5
Pita and Castilho [35] Laboratory-scale
Denver Jig
Granulated plastics (1.04 to 1.37 g/cm3)
size ranges of 5.6–4 mm, 4–2.8 mm, 2.8
2–1.4 mm and 1.4–1 mm.
Crespo [18] Laboratory-scale
batch water jig
Artificial mixture of magnetite and lime
the size ranges of 9.5–6.7 mm, 6.7–4.75
4.75–3.35 mm and 3.35–2.36 mm.[25] examined this phenomenon in detail using binary mixtures of
glass beads in a water batch jig. The results revealed the existence of
at least four different patterns of size segregation according to the size
ratio of the particles in the system.
In the case of dry jigging, Weinstein and Snoby [1] compared histor-
ical performance data of pneumatic jigs used in coal beneficiation
against results from pneumatic jigs installed in modern coal plants, ob-
serving that in both cases jigs showed a lower performance when the
feed particle size was decreased. However, to the knowledge of the au-
thors, there is a lack of studies focusing exclusively on the effect of par-
ticle size on stratification in the framework of pneumatic jigging. One
could think that some insights into this issue could be presumed a priori
from data obtained from other gravitational air separators, such as
counterflow classifiers, fluidized bed classifiers and pulsing air classi-
fiers [26,27]. However,most of themwork using free-fall separation sys-
tem and continuous air stream, besides being extensively used for size
separation only. On the other hand, like jigs, pulsing air classifiers uses
a pulsed air flow to minimize the influence of particle size and thus
achieve a density dominant separation (source). Nonetheless, the sepa-
ration zones in air pulsed classifiers are designed to originate two dis-
tinct streams (overflow and underflow products), so providing a high
dispersion of particles, which consequently experience much fewer in-
teractions among each other in comparison to the dense, packed bed
found in jigs.
It is worth to note that few studies have explored the possible
existing links between size segregation in jigs and the mechanisms of
size segregation in similar granular systems. For example, Schröter
et al. [28] reported that at least seven distinct mechanisms can be con-
sidered when describing size segregation in beds subjected to vertical
vibration (namely: void filling, static compressive force, convection,
condensation, thermal diffusion, and two types of non-equipartition).
Similarly, Metzger et al. [29] and Jain et al. [30] recently showed that
size segregation in binary size mixtures could be reduced by the intro-
duction of intermediate sized species. The obvious synergy between
these studies and the phenomena involved in jigging indicate the exis-
tence of a vast field of study regarding dry jigging technology.1.4. Paper objectives
The present study focuses on examining the effect of varying particle
size and the range of the particle size distribution on stratification by
density in a pilot-scale pneumatic jig. For this purpose, a procedure
aiming to minimize experimental errors has been developed and a
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Separation efficiency was higher in the coarser size
ranges (16–8 mm and 8–4 mm) than in the finer
size ranges (4–2 mm and 2–0.5 mm).
in the
–2 mm,






More efficient stratification was observed when
using mono-size beds composed of smaller
particles;
Fig. 2. Scheme of the experimental procedure for the stratification essays. The pilot-scale pneumatic jig used in the tests is composed by the following components: (1) Blower; (2) Control
panel; (3) Flutter valve; (4) Jig container; (5) Dust collection hopper.
597W.M. Ambrós et al. / Powder Technology 342 (2019) 594–606stratification efficiency. The results obtained reveals that the use ofmix-
tures composed of particles of smaller sizes or with a wide size distribu-
tion can be surprisingly beneficial for stratification.
2. Material and methods
2.1. Equipment
The experiments were conducted in a batch pilot-scale pneumatic
jig model allair® S-500 from allmineral GmbH & Co. with an operating
size range of 1 to 25 mm and an average capacity of approximately
50 kg per batch (Fig. 2). During operation, the jigging bed is situated in-
side a chamber consisting of several overlying layers of PlexiGlasswhich
can be removed separately, so that different vertical strata of the bed
can be sampled after the sorting. This separation chamber is supported
by a perforated plate (diameter of 1 mm) through which passes an up-
ward flow of air in order to promote bed pulsation. The pulsating air
flow is generated by a 15 kW blower (Combimac 49,631/B1Y1, air
flow up to 73 m3/min) and a flutter valve (rotation frequency from 0
to 300 RPM). Intake air flux and frequency can be adjusted in a control
panel as a function of the percentage of the blower power (0 to 100%)
and rotation of the pneumatic flutter valve, respectively. For the sake
of clarity, the pulsation frequency, which is equal to the rotation fre-
quency of the flutter valve, is denoted here in CPM units (cycles per
minute).
2.2. Experimental procedure
All experiments were performed with ternary mixtures containing
37.5% of gravel, 37.5% of gypsum and 25% of brick (in bulk Vol%)
(Fig. 2). The purpose to select such proportions is detailed in
Section 2.3. The relative densities of each constituent, based on triplicate
measures in water pycnometer, were about 2.64 g/cm3 (± 0.00) for
gravel, 2.26 g/cm3 (± 0.02) for brick and 1.86 g/cm3 (± 0.02) forgypsum. Intake air flux, pulsation frequency and operation time were
fixed at 80% (approximately 60 m3/min, estimated from the fan
curve), 160 CPM and 120 s, respectively. These parameters were chosen
based on the preliminary experimental studies of Sampaio et al. [5] and
Ambrós et al. [6]. Two different experimental settings were considered
in order to analyze the effect of variations in particle size on separation
in pneumatic jigs. In the first set, the objective was to evaluate the effect
of varying the size class of particles on bed stratification. In this case,
tests were conducted with mixtures formed by near-monosized parti-
cles comprising one of the following size fractions: (i) 19.1–12.7 mm,
referred as ‘coarse’ size; (ii) 12.7–8 mm, referred as ‘intermediary’
size; (iii) 8–4.75mm, referred as ‘small’ size. On the other hand, the sec-
ond set of tests aimed to examine the effect of expanding the particle
size distribution on stratification. In this case, stratification results ob-
tained from the coarse sized mixture (19.1–12.7 mm, or mixture M1)
were compared to two other systems: one consisting of binarymixtures
containing both coarse and intermediary size fractions (mixture M2)
and another system composed of equal proportions of each size fraction
(mixture M3) (see Table 2). Therefore, the widening of the particle size
distributionwas obtained by increasing the relative number of interme-
diary and small particles in themixture in order to shift the particle size
distribution towards the fines. In order to assure repeatability, each in-
dividual test was conducted in triplicate. Considering all test cases, the
total mass of each mixture was 56 kg (± 1.5%).
2.3. Minimization of misplacement contamination
When slicing the stratified bed, each layer that compose the separa-
tion chamber is horizontally pulled away, so that particles that lie inside
a given layer are discharged into a collector for subsequent composition
analysis (here accomplished by hand separation of all particles
contained in the layer followed by weighing individual constituents).
However, given the intrusive nature of this process, misplacement of
particles to the wrong layer is a common phenomenon. In order to
Table 2






Coarse; M1 Intermediary Small M2 M3
Gypsum (1.86 g/cm3) 19.1–12.7 33.3% – – 16.7% 11.1%
12.7–8 – 33.3% – 16.7% 11.1%
8–4.75 – – 33.3% – 11.1%
Brick (2.26 g/cm3) 19.1–12.7 33.3% – – 16.7% 11.1%
12.7–8 – 33.3% – 16.7% 11.1%
8–4.75 – – 33.3% – 11.1%
Gravel (2.64 g/cm3) 19.1–12.7 33.3% – – 16.7% 11.1%
12.7–8 – 33.3% – 16.7% 11.1%
8–4.75 – – 33.3% – 11.1%
∑ 100.0% 100.0% 100.0% 100.0% 100.0%
598 W.M. Ambrós et al. / Powder Technology 342 (2019) 594–606quantify and sominimize the occurrence of such error, a procedure was
developed to assess it. For this purpose, three large layers of the jig
chamber (500 × 500 × 50) mm were each one fully filled with gravel
(lower layer), brick (middle layer) and gypsum (upper layer) as
shown in Fig. 3(a), all components in the size range of 19.1–12.7 mm.
Then, each layer was carefully removed and the composition of each
stratum was determined. Two types of interlayer contamination were
identified, referred as contamination by percolation and contamination
by pulling. The first one involves the percolation of particles from
upper to lower layers due to the disruption caused by the slicing of
the bed. The second one is related to the pulling of particles situated
at the interface with an upper layer that is being removed off the sys-
tem. It was possible to verify that these contaminations generated vari-
ations (in content and recovery in each layer) as high as 8.4% among
tests under identical conditions. In such circumstances, examining dis-
crete variations in composition caused by variations in particle size
only could be impracticable.
Aiming to enhance repeatability over the tests, the layers distribu-
tion was modified as shown in Fig. 3(b). In this case, a smaller layer
(500 × 500 × 25)mmof Plexiglass was positioned between the original
layers in order to absorb the fluctuations caused by the slicing action.
The product contained within these layers were not considered in the
subsequent composition analysis. By means of this procedure, the aver-
age variation in composition among tests under identical conditions
was reduced from 6.3% to 0.8% in the lower layer and from 8.4% to
0.0% in the upper layer. Therefore, the layers configuration showed in
Fig. 3(b) was the one adopted for the experiments. It should be noted,
however, that such configurationwas not able to reduce the contamina-
tion by slicing in the middle layer. Thus, in the following discussion, the
middle layer and its main constituent, brick, were not considered as
products (concentrated) but only as intermediary ormiddling elements
within the system.Nevertheless, for the sake of segregation analysis, the
content of the middle layer as well as brick distribution over the bed
was also examined.Fig. 3. Analysis of interlayer contamination related tomisplacement errors during the extraction
using intermediary layers that absorb misplacement errors. The values refers to the essay perf2.4. Analysis
Further to the evaluation of the stratification in terms of grade and
recovery of products, a stratification index was introduced in order to























where IS is the stratification index, Xijis the concentration of constit-
uent i (k = 1,2,3) contained within layer j, Xi is the average concentra-
tion of the constituent i in the n stratum (n = 1,2,3), Fi is the overall
fraction of the component i in the sampled strata andσ2 is the weighted
mean of the variances of components concentration in the n sampled
strata. The proposed index is based on the indexes used by Fan et al.
[36] for calculation of the degree of mixing in multi-component sys-
tems, where σ = 0 for the case of a perfectly homogeneous system,
while its value for the case of ideal stratification depends on the number
of components within the system as well as their mass or volumetric
proportions. Thus, the stratification index consists in the ratio between
the experimental variance and the variance for the case of ideal stratifi-
cation. Consequently, IS = 0 corresponds to the perfectly mixed state
while IS = 1 corresponds to the perfectly stratified state of the system.
In the present case, the index was determined considering only the
concentration of gypsum and gravel in their predominant strata versusof products. (a) Typical configuration of overlapped layers; (b) Modified configuration by
ormed with the mixture M1 (19.1–12.7 mm).
599W.M. Ambrós et al. / Powder Technology 342 (2019) 594–606their concentration in the rest of the system (n = 2 and k = 2). This
choice partially reduces possible errors on the index that may be caused
by misplacement contaminations in the middle layer (see Section 2.3).
The value of σstratified, obtained by considering perfect stratification in
Eq. (3), varied slightly in each case due to differences in overall
proportion in the sampled zones, corresponding to an average value of
0.60 (± 0.01) for all tested cases.
3. Results
In all cases, the overall stratification pattern consisted in the division
of the bed in three distinct strata: a lower stratumfilledwith large quan-
tities of gravel; an intermediary layer preferably containing brick parti-
cles; and an upper layer almost entirely composed of gypsum particles.
This patternwas already expected beforehandon thebasis of priorwork
developed byour group [4,5,21]. The following sections present in detail
the influence that variations in particle size and size distribution of the
bed have had on this general stratification profile. However, since the
occurrence of experimental artifacts was a recurrent concern during
tests (see Section 2.3), it is suitable at first to examine the influence of
the sampling configuration adopted (Fig. 3.b) on the repeatability of
separation results.
3.1. Assessment of the misplacement contamination
The influence of misplacement contamination was assessed by ana-
lyzing the standard deviation (SD) of the content and recovery mea-
surements of the main constituent in each sampled stratum for each








whereXi; j is the average concentration of constituent i containedwithin
layer j measured for the three tests. It can be observed that for upper
and lower strata, SD levels were lower than ±3% in almost all cases,
with notable exception for a relative high value (± 4.09%) for recovery
in the lower layer in themixture of size range 12.7–8mm. Also, as a rule,
SD values were higher in the lower stratum than in the upper one,
which can be related with the occurrence of contamination by percola-
tion. Similarly, the highest SD values observed in the middle layer may
bederived from the existenceof both types of contamination, i.e. byper-
colation and by pulling, giving rise to greater discrepancy among com-
position measurements than those found in top and bottom layers.
3.2. Effect of varying particle size class
The effect of varying the size class of the bed particles is schemati-
cally shown in Fig. 4. As a general rule, separation efficiency increasedTable 3
Standard deviation values of the content and recovery measurement of the main compo-
nent contained in each sampled stratum.
Mixture size range Measures Strata
Upper Lower Middle
19.1–12.7 mm (coarse fraction) Content ± 0.36% ± 0.58% ± 4.37%
Recovery ± 0.48% ± 2.93% ± 1.71%
12.7–8 mm (Inter. fraction) Content ± 0.61% ± 2.19% ± 6.73%
Recovery ± 0.81% ± 4.09% ± 4.77%
8–4.75 mm (Small fraction) Content ± 1.00% ± 1.24% ± 2.15%
Recovery ± 1.33% ± 1.10% ± 2.50%
19.1–8 mm (mixture M2) Content ± 0.03% ± 2.00% ± 1.26%
Recovery ± 0.82% ± 1.58% ± 2.93%
19.1–4.75 mm (mixture M3) Content ± 0.49% ± 1.01% ± 2.58%
Recovery ± 2.15% ± 2.05% ± 1.73%as the particle size decreased in such way that the stratification index
for the system containing small particles (8–4.75 mm) was 28% greater
than for that containing coarse particles (19.1–12.7mm). More detailed
information about changes generated by varying the particle size is il-
lustrated by the stratification profiles (mass content of each material
in each stratum) shown in Fig. 4(a). In the lower layer, themass content
of gravel increased significantly (7%) when the coarse sized bed was
changed by a bed containing particles of intermediary size and in-
creased slightly (3%) for the system containing small particles. On the
other hand, decreasing the particle size from intermediary to the small
size class resulted in lower gypsum content in the upper stratum.
Also, content variation in the outer strata (lower and upper layers)
was no greater than 10%, whereas content variation of brick in the mid-
dle layer was about of 40% in mass. Considering the three mixtures, the
maximum deviation of the measured contents were of ±1.24% in mass
in upper and lower strata and ± 6.73% in mass in the middle stratum,
confirming the predicted greater extent of contamination in this layer.
The distribution profiles (mass recovery of each material in each
stratum) exhibited in Fig. 4(b) provide a more detailed insight into dif-
ferences in local concentration. On the whole, the results seem to indi-
cate that the use of beds of smaller sizes can have resulted in a more
compact rearrangement of particles in the stratified state. Particularly,
there was a remarkable tendency to increase the concentration of
both the lighter and the denser particles (gypsum and gravel, respec-
tively) in deeper layers of the bed when decreasing the size class of
the system. This can be noted by the increasing clustering of gravel in
the lower stratum together with the increasing concentration of gyp-
sum in the middle stratum. On the other hand, a partially opposite ten-
dency can be observed for brick, which decreased its concentration in
the lower stratumwhile increased it in themiddle stratum as bed com-
position vary from coarse size to small size particles. Nevertheless, it is
reasonable to suppose that such behavior can represent a larger upward
displacement of brick granules by the heavier gravel particles in beds
composing by particles of smaller sizes.
3.3. Effect of varying particle size distribution
The overall response to the widening of the size distribution was
similar to that observed when decreasing the absolute particle size of
the bed (Section 3.1). As can be seen from Fig. 5, mixtures composed
by larger size distributions showed higher segregation levels, with an
overall increase in the stratification index of 26%. Once again, an in-
crease in gravel content in the lower stratumwas accompanied by a lit-
tle decrease in gypsum content in the upper stratum, while the content
of brick in themiddle layer increased substantially. Also, the effect of in-
creasing the fraction of smaller particles within the system was very
similar to that of decreasing the size class, as can be seen in the distribu-
tion profiles showed in Fig. 5(b). In the main, a greater recovery of
gravel and brick were obtained when increasing size distribution
while gypsum recovery decreased slightly, suggesting that the use of
multi-sizedmixtures resulted in an increase of bed compaction after jig-
ging. This trend was expected beforehand since wide size distributions
allow the particles to rearrange into denser packing structures [23,27].
The individual recovery patterns of each size range are displayed in
Fig. 6. On the whole, the increase of dispersion in particle size enhanced
the concentration of large particles in deeper layers of the bed (namely,
middle and lower layers) and, on the other hand, increased the concen-
tration of small particles in the top layer. In other words, it contributed
to a better concentration of heavy large particles and light small parti-
cles, having the opposite effect on heavy small and light large particles.
As detailed in Fig. 6(a), the amount of coarse gypsum recovered in the
upper layer gradually decreased as the size distribution increased,
while the opposite occurred for coarse particles of brick and gravel in
their respective layers. On the other hand, contrary behavior was ob-
served for small particles (Fig. 6.c), in which the increase in size distri-
bution improved gypsum recovery in the upper layer, but impaired
Fig. 4. (a) stratification indexes, stratification profiles (mass content in each stratum) and (b) distribution profiles (mass recovery in each stratum) resulting from tests with mixtures
containing different size classes. U – upper stratum; M – middle stratum; L – lower stratum.
600 W.M. Ambrós et al. / Powder Technology 342 (2019) 594–606concentration of brick and gravel in the other strata. Finally, the increase
of size distribution had only amarginal effect on segregation of interme-
diary size particles. As exhibited in Fig. 6(b), the segregation pattern of
gypsumwas almost the same in all cases, while a sensible improvement
of gravel concentration in the lower stratum could be observed. Also,
the segregation pattern of brick suggests that larger size distributions
played a role in increasing brick concentration in the top layer.
From a practical standpoint, the results points to the possibility that
a greater recovery could be obtained in the dense product as fractions of
smaller particles are included in the feed, which could be removed from
the concentrate by screening just after the jigging stage, if necessary. On
the other hand, adding a fraction of larger particles in the feed could
have a similar effect on the recovery of the light product. However, ex-
perimental evidences underpinning this assumption only for systems in
which different particle size classes have similar volumetric fractions.
Also, the effect of post-classification of the concentrates on their mass
content should be assessed. Figs. 7 and 8 illustrate it for the cases ofmix-
turesM2 andM3, respectively. In both cases, for the hypothetical case in
which the dense product is split into different size classes, the variations
in product content among these fractions and between them and the
non-classified product, where they exist, are negligible. Thus, in operat-
ing with a larger size range (19.1–8 mm in mixture M2; 19.1–4.75 mm
in mixture M3) it would be possible to achieve a much higher overall
mass recovery rate of denser product (+20% for M2 and + 25% for
M3, see distribution profiles in Fig. 5.b) than in operating with the
coarse fraction only, with the additional benefit of a reasonably higher
mass content in the final product. On the other hand, no significant
gain in the recovery or content of dense product would be obtained incomparison to processing the intermediary or the smaller size fractions
only.
The same trend can be also observed when splitting the light prod-
uct of mixture M2 in their constituent size classes, with exception by a
slight decrease in gypsum recovery (≈ 5% in mass, see Fig. 5.b) in com-
parison to that of mixture M1. However, a decrease in gypsum content
of about 10% in mass can be observed when comparing the small size
range (8–4.75 mm) in mixture M3 with the other size fractions,
whereas mass recovery in this fraction was relatively higher (Fig. 6).
Thus, contrary to observed in the dense product, the inclusion of inter-
mediary size particles had no significant effect on mass recovery and
content of the light concentrate, but the inclusion of particles of smaller
sizes negatively affected the overall content of the light product. Excep-
tionally, the enlargement in size distribution would be somewhat ad-
vantageous for the light concentrate in mixture M3 when compared
to the mixture containing small particles only, which showed a relative
overall recovery level of gypsum about 9% lower (but an overall content
3% higher) than mixture M3.
4. Discussion
The obtained results corroborate and extend to pneumatic jigs an al-
ready accepted trend about the effect of varying particle size in jigging
beds: that larger particles tend to concentrate in the lower zones of
the bed, whereas smaller particles tend to concentrate in upper zones
when jigging mixtures containing particles of different size classes
[25,38,39]. On the other hand, regarding the effect of particle size and
size distribution on density stratification, the obtained findings contrast
Fig. 5. (a) stratification indexes, stratification profiles (mass content in each stratum) and (b) distribution profiles (mass recovery in each stratum) resulting from tests with mixtures
containing different size distribution. U – upper stratum; M – middle stratum; L – lower stratum.
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stratification efficiency increaseswith increasing particle size of the sys-
tem (see Table 1). As previously reported, experimental results revealed
that the smaller the size of particles within the bed, the better was the
stratification efficiency. Also, the stratification level increased when jig-
ging mixtures contained larger size ranges. Despite a deep analysis of
the stratification mechanisms behind such phenomena being beyond
the scope this study, some experimental evidences can be discussed in
the light of the particularities involved in pneumatic jigging together
with literature data.
Despite being based on the same basic mechanisms, for being an
air-based separator the pulsating conditions in pneumatic jigs are
somewhat different from that of hydraulic jigs. The most obvious dif-
ference is that, in contrast to water, the density of air is insignificant in
relation to the solid particles of the bed. Thus, in order to compensate
this discrepancy of densities, much higher fluid velocities must be
employed in order to reach the required drag force to lift the bed.
Since the required fluid velocity increases with particle size and also
must be enough to lift all the bed, the air velocities used to elevate
coarse particles can be much higher than those necessary to elevate
existing small particles, giving rise to segregation by size due to the
displacement of the smallest particles towards the top of the bed
[23,37].
This phenomenon is probably intensified in pneumatic jigs due to
two inherent operational features of the equipment. Firstly, pneumatic
jigs usually employ a constant upward air flow together with the pul-
sating flow in order to keep the bed open and thus facilitatestratification [40], which can restrain the downward motion of parti-
cles, especially the lighter smaller ones. Secondly, the suction stroke
is virtually absent, since the air passing through the bed does not re-
turn to the system. Consequently, it is reasonable to suppose that per-
colation trickling has a minor role in comparison to conventional
hydraulic jigs. All these factors lead to a higher tendency to displace
to and even eject small particles from the surface of the bed during
jigging operation.
An illustration of such a trend is displayed in Fig. 9, where the mo-
tion of the partially stratified bed of mixtures M1 (coarse particles
only) and M3 (particles of mixed sizes) are compared at different
times of the separation. As can be noted, the bed motion during ap-
proximately the same duration of a jigging cycle (bed expansion and
contraction) showed significantly different patterns in each mixture.
Whereas the bed in mixture M1 lifted in a approximately uniform
manner, the bed elevation in mixture M3 was usually turbulent,
being noticeable the larger amplitude of motion of the smallest parti-
cles of gypsum located in the top in such a way that some of them
were even ejected out the bed surface. During the contraction phase,
the bed of mixture M1 settled as a whole on the jig screen, whereas
in mixture M3 it remained partially disperse so that many small par-
ticles remained fluidized above the bed. As a result, during jigging of
mixture M3 the upper part of the bed moved in a seemingly transient
manner, being sometimes difficult even identify visually the phase of
the jigging cycle.
Since the upward air flowwas kept constant in all tests, it may be as-
sumed that the observed unstable behavior of bed motion can be
Fig. 6. Recovery profiles of each size class along bed strata. (a) Coarse particles. (b) Intermediary particles. (c) Small particles.
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small particles within the system. This is consistent with results ob-
tained by Formisani [41], which observed a lowering of the minimum
fluidization velocitywhen increasing the volumetric fraction of finepar-
ticles in a binarymixture. Mukherjee andMishra [42] also observed that
the finer size class controlled the separation efficiencywhen the jig feed
(Denver type) had a higher proportion of fines (about 50% in mass),
since the particles experienced a higher drag due to the lesser voidage
of the bed during pulsation. In the current case, the differential fluid
drag on particles of varied sizes may have increased the void fraction
of the dispersed bed, thus allowing coarse particles to sink more easily
in comparison to the system containing coarse particles only, resulting
in a greater concentration of heavy, coarse particles in the dense prod-
uct and light, coarse particles in the deeper strata. Also, it may have in-
creased the removal of undesired light small particles from the dense
product, whereas, on the other hand, it increased the contamination of
the light product by fine dense particles. These trends are in line with
the previously described results (see Fig. 6).
Similarly, the core concept of the potential energy theory of jigging
[19] is useful in describing some experimental evidences. From its
thermodynamic viewpoint, the decreasing of potential energy caused
by the bed rearrangement is the driving force behind the stratification.This reduction of energy manifests in the form of a lowering of the
center of gravity of the granular bed in such a way that the final seg-
regation pattern will be the one that promote a higher compaction of
the jig bed. Results in line with this mechanism were also reported in
most recent studies involving particle segregation in vibrated systems
[43] and fluidized beds [44]. In this context, the observed variation of
stratification performance may have been influenced by modifications
of the bed compaction due to changes in particle size and size
distribution.
In order to examine the existing connection among particle size, bed
packing and stratification efficiency, the packing density (solid volume
in a unit total volume) of the lower layer was compared to the stratifi-
cation indexes obtained in all tested conditions, as shown in Fig. 10.
The x-axis represents the ratio between the average particle size of
the system and the container size (dp/L, where L is the length of the jig
container, equal to 500 mm). The reason to adopt such notation will
be subsequently made clear. It is possible to observe that stratification
index and packing density increased in unison when using beds com-
posed of smaller particles or by wider size distributions. On the basis
of the potential energy theory, it can be inferred that beds consisting
of smaller particles or by wide distributions in the particle size ought
to be subjected to higher decrease in the absolute potential energy of
Fig. 7. Comparison between the overall content (weight%) ofmixtureM2, the content (weight%) of the classified jigging products and the content (weight%) obtainedwhen jiggingmono-
sized mixtures of the same size class.
603W.M. Ambrós et al. / Powder Technology 342 (2019) 594–606the system (i.e. becomemore compact), which in the cases studied has
resulted in a better particle stratification.
However, although a greater packing should be expected to systems
containing larger distribution in particle size [24,28], the same is not
necessarily expected to occur a priori in function of the mere decrease
in the absolute size of the particles in a given system. In the classic
study on the link between particle size and packing density, Sohn and
Moreland [45] reported that the latter is independent of the nominal
size of particles, but only of the particle size distribution within the sys-
tem. Nevertheless, some light is shed on this behavior in the recent
study of Zhao et al. [46], which demonstrated that the packing density
of a granular system subjected to vertical vibration is affected by the
ratio between the particle size and the container size, such as repre-
sented in Fig. 10. Particularly, the larger the container size in relation
to the particles of the system, the greater tends to be the final packing
density of the system. Packing disturbances caused by wall effects
have been pointed out as the main reason for such phenomenon,
which is in very good agreement with previous studies developed by
our group in the case of pneumatic jigs [21]. Therefore, itmay be reason-
able to suppose that the use of smaller bed particles increases the rela-
tive size of the container, resulting in a higher compaction of the
stratified system.
It is important to emphasize that other phenomena can influence
the observed results. For instance, results obtained by Metzger et al.
[29] and Jain et al. [30] suggest that introducing intermediate particle
sizes in between the largest and the smallest in the original mixture
can reduce the tendency of size segregation in granular systems. In
the present case, the presence of the intermediary size fraction
(12.7–8 mm) in mixture M3 may have helped to inhibit size segrega-
tion in the system, while it has had little or no impact on segregation
by density. However, examining such phenomenon is beyond the
scope of this study.5. Conclusions
Particle size variation is a key contributor to particle separation in
jigs and despite much research in the area, very little attention has
been given to the case of pneumatic jigging. In the current work, the in-
fluence of varying the particle size and the size distribution on particle
stratification in a pilot-scale pneumatic jig was evaluated. The bed com-
position after several tests with ternary mixtures of different sizes has
been examined in detail and an analytic expression for the estimation
of the stratification efficiency has been proposed. Under the tested con-
ditions, our results provide compelling evidence that stratification by
density can be enhanced when using particles of smaller sizes or
when widening the particle size range of the system by means of
shifting the size distribution towards the small particles.
Similarly, it has been found that the use of mixtures containing par-
ticles of different sizes contributed to increase the recovery of heavy
large particles in the dense product and light small particles in the
light product. On the other hand, the decrease of the bed particle size
and the expansion of the particle size distribution skewed towards the
small particles increase contamination of heavy small particles in the
light product. From the operational standpoint, the results consider
the possibility that a greater recovery and content of the coarse, dense
product could be obtained through the inclusion of smaller particles in
the feed, which can be easily removed by screening after jigging. On
the other hand, no significant gain in recovery or content would be ob-
tained when compared to the jigging of mixtures containing smaller
size particles only.
The obtained results were discussed in the light of the particularities
involved in pneumatic jigging operation together with the existing dif-
ferences in bed packing derived from the variation of particle size
within the system. The combination of differential drag on the particles
of varied sizes, the absence of the suction stroke and the existence of a
Fig. 8. Comparison between the overall content (weight%) ofmixtureM3, the content (weight%) of the classified jigging products and the content (weight%) obtainedwhen jiggingmono-
sized mixtures of the same size class.
Fig. 9. Snapshots of bed motion when jigging mixtures M1 (a) and M3 (b).
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Fig. 10. Packing density of the lower layer and stratification index variation in function of the size ratio of the system, dp/L (where L is the length of the jig container, equal to 500 mm).
(a) Variation of particle size. (b) Variation of size distribution.
605W.M. Ambrós et al. / Powder Technology 342 (2019) 594–606constant upward air flow seem to benefit all together the concentration
of smaller particles in the top of the bed and coarse particles in the bot-
tom. In parallel, mixtures formed by particles of smaller sizes or by
wider size distributions tend to produce more compact beds, thus lead-
ing to greater recovery of the dense product.
It is important to emphasize that the obtained results correspond to
a limited range of conditions. Full experimental data was only obtained
from mixtures containing similar volumetric fractions of each constitu-
ent, and although the effect of particle shape has not been addressed ex-
perimentally, it can be assumed to exist. Also, pulsating parameters
were kept constant in all cases. Future studies should be undertaken
to evaluate the effect of expanding differences in particle size within
the system and also working with different operating conditions, num-
ber of constituents and different particle densities and shapes. A deeper
understanding of particle stratification in pneumatic jigs and develop-
ing ways to optimize it can be of great benefit for future applications
of the technique.Acknowledgements
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